A general and template-free 'disproportionation and reversal' route was developed to synthesize one-dimensional (1D) nanostructures of Te, Se and Se-Te alloys directly from Te or/and Se powders. The products were characterized by x-ray diffraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction (SAED), and scanning electron microscopy (SEM). Te nanorods and nanowires with a width varying from about 40 nm to about 300 nm, Se nanowires with a width of 60-100 nm and a length of 4-6 µm, and Se x Te 100−x alloy nanorods with x in a wide range, and with a width of 30-70 nm and an aspect ratio of three to five, were prepared. The mechanism of formation of the nanorods and nanowires and the effects of the experimental conditions, such as solution concentration, cooling rate, solvent nature and heating process, on the morphology and size of the products have been discussed. We believe that this general route and some other proper reversible processes between solid state and solution state can be extended to the transformations from various bulk materials into nanosized materials with various morphologies.
Introduction
One-dimensional (1D) nanostructures have been the focus of considerable interest due to their great potential for addressing some basic issues about the dependence of the properties on size confinement, as well as for applications in nanodevices [1] . Solid-state materials with submicrometre or nanoscale 1D structures can be fabricated by advanced lithographic techniques [2] or via gas-phase chemical processes [3] , but solution-phase chemical synthesis is regarded as a more promising approach in terms of much lower cost and potential for high-volume production as well as tight dimension control. Among the solution-phase approaches reported, template 3 Author to whom any correspondence should be addressed. directed [4] or crystal seed mediated methods [5] are most commonly employed to confine or catalyse the preferential 1D growth of various kinds of materials. However, exploring convenient and efficient solution-phase approaches to 1D nanostructural materials without using any templates or crystal seeds still remains a great challenge.
Trigonal tellurium (t-Te) and selenium (t-Se) and related materials are attracting more and more attention currently. Tellurium and selenium exhibit a unique combination of many useful and interesting properties, such as photoconductivity, nonlinear optical response, and high thermoelectric or piezoelectric responses, which results in their potential applications in electronic and optical electronic devices [6] . tTe, as well as t-Se and Se-Te alloys, have a highly anisotropic crystal structure consisting of helical chains of covalently bound atoms, which are in turn bound together through van der Waals interactions into a hexagonal lattice [7] . This inherent anisotropy makes these materials ideal candidates for generating 1D nanostructures without the need for templates or surfactants to induce their anisotropic growth. Tellurium and selenium can also react with many other substances to form a wealth of functional materials, such as Bi 2 Te 3 , Bi 2 Se 3 , ZnTe, ZnSe, CdTe, and CdSe [8] . Alloys of Se-Te have also been reported to exhibit an unusual temperature dependence of their electrical resistivity [9] . Their magnetoresistance (MR) has also been found to be highly sensitive to the composition and may exhibit both positive and negative MR parts (due to the Kondo effect) [9] .
Recently, some references have reported the preparation of 1D tellurium nanocrystals through different routes [10] [11] [12] , including the refluxing process [10] , the hydrothermal method [11] , the microwave-assisted ionic liquid method [12] , and the ultrasonic-assisted method [13] . Most of these routes are based on the reduction process. A number of synthetic methods have also been developed to fabricate 1D selenium [14] [15] [16] [17] [18] , such as the reduction of selenate by the protein cytochrome c 3 [13] , the reduction of selenious acid by hydrazine under refluxing [15] or ultrasonic irradiation [16] , the dismutation of Na 2 SeSO 3 under acidic conditions in micellar solutions [17] , and the hydrothermal (solvothermal) method [18] . The various properties of Se-Te alloys have been widely investigated with bulk and thin films [19] . However, the preparation of nanostructured Se-Te alloys was rarely reported. Recently, Se-Te alloys with rod-like morphology were prepared through the in situ reduction of a mixture of selenious acid and orthotelluric acid with excess hydrazine [20] .
In the present study, we report on a general and simple template-free route for large-scale transformation from commercial Te or/and Se powders to 1D nanostructures of Te, Se and Se-Te alloys. This route is based on the disproportionation of Te or/and Se and its reversal. Firstly, solid Te (or/and Se) powder dissolves into the alkaline solution in the ionic state via the disproportionation reaction. Then, the solid nanostructured Te (or Se, or Te-Se alloys) precipitates from the solution via the reversal of the disproportionation reaction. We name this route the 'disproportionation and reversal (DR)' route. This DR route is rapid, low cost, and easy to scale up. Theoretically, this route is general. It can be extended to the synthesis of various nanoparticles with different morphologies. We believe that other proper reversible processes between solid and solution state might also be used to transform bulk materials into nanomaterials.
Experimental details
Tellurium and selenium used were purchased from Acros Organics and potassium hydroxide from Shanghai Chemical Reagent Co., Ltd. These reagents were used without further purification.
In a typical procedure, a mixture of 0.03 g Te powder, 2 g KOH, and 20 ml EG in a flask was heated for 3 min in a domestic microwave oven (National) equipped with a refluxing system (frequency, 2.45 GHz; power, 280 W). The obtained clear purple solution, which will be referred to as 'Te solution' hereinafter, was first of all cooled in a hot water bath (90
• C) for 5 min and then at ambient temperature. The solution gradually faded to colourless, and black precipitates were formed. The black precipitates were centrifuged, washed with water and absolute ethanol in sequence, and dried under vacuum. 1D Se or Se-Te alloys were obtained using similar procedures when Te powder was replaced by Se powder or mixtures of Se and Te powders.
X-ray diffraction (XRD) patterns of the products were recorded with a Philips X'Pert x-ray diffractometer (using Cu Kα radiation, λ = 1.5418Å).
The transmission electron microscope (TEM) images and selected area electron diffraction (SAED) patterns were obtained using a JEM-200CX (JEOL, 200 kV) TEM. The scanning electron microscope (SEM) images were obtained using a LEO-1530VT field-emission microscope.
Results and discussion
The as-prepared t-Te was characterized by XRD. A typical XRD pattern shown in figure 1 is in good agreement with that reported in the literature (JCPDS File No 36-1452), and all peaks can be indexed to elemental Te with the hexagonal structure, indicating the high purity of the product. The high relative intensities of the 100, 110 and 200 peaks indicate the preferential growth of the 1D Te nanostructures along the [001] direction [21] .
The morphology and size of the as-prepared t-Te were observed by TEM and SEM, and the images are shown in figure 2. These products were found to be nanowires with a width of 40-60 nm and a length of 2-4 µm. The SAED pattern (the inset of figure 2(D)) of an individual Te nanowire indicated the single-crystallinity of these tellurium nanowires, and confirmed their preferential growth along the [001] direction.
The DR route for the preparation of 1D Te nanostructures was developed on the basis of the following facts: first, Te could disproportionate easily in hot and condensed alkaline solution, and the so-called 'Te solution' was obtained, as represented by equation (1); second, when this 'Te solution' was cooled or diluted, the disproportionation reaction of Te reversed and Te recurred, as represented by equation (2) . 
This is why we name this route the 'disproportionation and reversal (DR)' route. By adjusting the reaction conditions, 1D Te nanostructures with various sizes were prepared. In the first step, a proper alkaline solution was heated to dissolve Te powder, which was transparent and purple. In the second step, when the 'Te solution' was cooled down or diluted, Te nanocrystals were precipitated, and the solution became colourless. The precipitated Te nanocrystals tended to grow into 1D nanostructures, mostly due to their highly anisotropic crystal structure. To the best of our knowledge, no other group has reported the fabrication of 1D Te nanocrystals via this route.
In this route, an alkaline medium played a crucial role for the disproportionation of Te. Without alkali in the reaction system, Te powder would hardly have changed when heating was carried out in ethylene glycol (EG). It was observed that if the alkaline concentration was increased the colour of 'Te solution' became darker, indicating a greater extent of reaction (1) and a higher concentration of the 'Te solution', resulting in the formation of more Te nanocrystals. The concentration of 'Te solution' also affected the size of the Te nanocrystals. The higher concentration resulted in thicker nanowires, because crystal seeds produced in the solution of higher concentration might be bigger than those produced in the solution of lower concentration. When the amount of KOH added was changed from 2 to 4 g, the width of the nanowires changed from ∼50 nm (figure 2) to 80-100 nm ( figure 3) .
The cooling rate of the 'Te solution' was found to be another important factor affecting the morphology and size of figure 4(A) ). When the 'Te solution' was cooled by tap water, bigger nanorods with a width of 40-70 nm and a length of 1000-2500 nm were obtained ( figure 4(B) ). If the cooling was carried out firstly in a water bath at 90
• C for 5 min and then in the ambient, Te nanocrystals obtained as longer nanowires would have been feasible (figure 2). If the cooling was carried out more slowly in a heat-resistant vessel, still bigger nanorods with a width of 150-300 nm and a length of 4-7 µm would have been obtained ( figure 4(C) ). This implies that rapid cooling made a large number of nuclei occur rapidly, and resulted in the formation of small crystals, which would grow longer along the would result in poor crystallinity, while with slow cooling the relatively high temperature activated the moving of Te atoms from solution to crystals, and decreased the preference of the growth orientation, resulting in the formation of bigger nanorods with lower aspect ratio. A proper solvent is very important in the route. The selected solvent should be able to dissolve much of the material, and the dissolved material should be able to recrystallize when the conditions change. In the case of the described transformation of Te, some solvents were tried. It was found that ethanol, 2-ethyl-hexanol, and dimethyl formamide (DMF) were not able to dissolve KOH and therefore could not dissolve Te powder obviously, whereas glycerol and polyethylene glycol (PEG-400) could be used to replace EG. Similar results were obtained in glycerol as in EG ( figure 5(A) ). However, when PEG-400 was used, the products were more difficult to centrifuge, resulting in the formation of shorter and smaller nanorods with much smaller aspect ratio ( figure 5(B) ). It was also observed that on addition of 1.6 ml water to 20 ml EG some single-crystalline square nanoflakes were obtained among the nanorods (figure 5(C)), while on addition of 4 ml water to 20 ml EG the colour of the 'Te solution' was very light, implying its low concentration, and very few products were obtained, most of which were spherical ( figure 5(D) ). This can be attributed to the following two reasons: (A) the disproportionation reaction was carried out to a lesser extent, because water was one of the reaction products; (B) the boiling point of the system decreased greatly, resulting in a lower reaction temperature, that may be unfavourable to the disproportionation reaction.
It should be pointed out that the ways chosen to heat the system were not specific. Conventional heating performed by a hot oil bath, electric heater, or gas lamp led to similar results. This confirms the 'DR' mechanism: 1D Te nanostructures were formed in the second cooling-precipitating step, not in the first heating-dissolving step. However, microwave heating is preferred for its great rapidity, simplicity, homogeneousness, and energy-saving considerations.
Another interesting observation was that, on addition of much Te powder in the typical procedure, some of it would not dissolve but remain as solid. However, the state of the solid changed from the heavy powder to the light loose floccules which were identified by the TEM technique and found to be thicker nanorods with a width of ∼300 nm and a length of ∼5 µm, similar to those obtained when cooled slowly in a heatresistant vessel ( figure 6(A) ). A similar result was obtained when EG was replaced by water, except that the nanorods obtained had a width of ∼80 nm and a length of 1-2 µm ( figure 6(B) ). During the heating of the aqueous system, purple solution was observed at the bottom of the flask, near the solid KOH; and then, when boiled, the whole system became turbid black; no purple colour was observed. If KOH was dissolved in water before the addition of Te or heating, no obvious changes were observed for Te powder. We believe that the mechanism for the formation of the Te nanorods was the same as the DR route that has been discussed in the previous paragraphs, except that the driving force of reaction (2) was the dilution with water, and not the cooling. When boiled, the condensed 'Te solution' formed near the bottom of the flask was diluted with the solution of lower concentration in the upper layer.
Another advantage of this DR route is that the solvent, i.e. the alkaline solution, can be recycled. When Te nanorods or nanowires were centrifuged, the alkaline solution could be heated again to dissolve more recruited Te powder, and then cooled to obtain more Te nanorods or nanowires. This cycle was repeated three times, and it was found that the products were similar. The recyclability of the alkaline solution confirmed the 'disproportionation and reversal' mechanism for the transformation from Te powder to Te nanocrystals, and made this DR route very low cost.
This DR route should be a general route to be applied in the synthesis of some other nanoparticles. This generality was confirmed by the successful preparation of Se nanowires from Se powder through a similar route. The disproportionation for Se powder can also be conducted in condensed alkaline solution, just like Te. So Se powder was firstly dissolved in EG containing KOH by microwave heating. However, cooling was found not to be so effective to make Se precipitate from the solution, compared with that in the case of Te. When the solution cooled, its colour remained dark, and little solid could be centrifuged. Therefore, a large quantity of water was added to the solution to precipitate Se. The XRD pattern ( figure 7) shows that the products were well crystallized hexagonal Se (JCPDS file No 06-0362). All peaks can be indexed to this hexagonal Se, and no impurity was detected. The TEM images ( figure 8) show that the as-prepared Se was nanowires with a width of 60-100 nm and a length of 4-6 µm. The SAED pattern (inset of figure 8(B) ) of an individual Se nanowire indicates its single-crystallinity and its preferential growth along the [001] direction.
Further extension for this DR route was performed for the synthesis of Se-Te alloys. The mixture of Se and Te powders was dissolved in EG containing KOH by microwave heating to make 'Se-Te solution', The Se and Te were precipitated simultaneously to obtain nanostructured Se-Te alloys. However, phase separation sometimes occurred in the precipitation process, and Te was obtained among the alloy, because Te is much easier to crystallize than Se. In order to precipitate Se-Te alloy quickly and without phase separation, hydrochloric acid was added to the 'Se-Te solution'. Black solids precipitated, and the solution became colourless. The • , JCPDS File No 06-0362) and shift to the high-angle side with increasing Se concentration, which means that homogeneous solid solutions are formed and no phase separation occurs. Se and Te are completely isomorphous, and can form a completely miscible solid solution in which the Se and Te atoms are randomly distributed along the helical chain in the form of a random copolymer (Kudryavstev [6] ). According to Vegard's law [23] , which assumes a linear variation of the alloy concentration with the lattice constant, the compositions of the alloys of samples a-d were calculated to be Se 48 figure 10(A) ) shows that as-prepared Se-Te alloys were small nanorods with a width of 30-70 nm and an aspect ratio of three to five. The SAED patterns (figures 10(B) and (C)) show that these nanorods were well crystallized, and the d values calculated from the SAED pattern ( figure 10(C) ) of a singlecrystalline nanorod were between those of pure Se and Te, as predicted by Vegard's law.
Conclusions
A simple and general 'disproportionation and reversal' route was developed and used to prepare 1D nanostructures of Te, Se and Se-Te alloys from Te or/and Se powders. The size of the products varied depending on the experimental conditions, such as the cooling rate, the concentration of potassium hydroxide, the solvents used, etc. This DR route needs no template and is easy to scale up. We believe that this general route can be extended to the syntheses of nanoparticles of various materials and with various morphologies. And we think that other proper reversible processes between solid state and solution state might also be used to transform bulk materials into nanomaterials in a similar way.
